Abstract: Phenolic content, polyphenoloxidase (PPO) activity and browning have been reported by different authors to vary in different ways, depending on cultivar, picking maturity, storage conditions, etc. Numerous authors have attempted to correlate browning results with the phenolic content and/or enzymatic activity of apples, but data published in the literature are divergent as to which of the two factors, ie the enzyme or the substrate, plays the decisive role in the overall phenomenon of enzymatic browning. The aim of this work was to follow the PPO activity and phenolic content of minimally processed apple (cv`Jonagored') during cold storage and to establish a potential relationship with enzymatic browning. Increasing storage time of minimally processed apple seemed to result in an increase in PPO activity. No changes (P > 0.05) in total phenolic content were observed during storage. Colour degradation of apple cubes, as indicated by changes in colour parameters, was found to be highly correlated with PPO activity. Browning of`Jonagored' apple cubes during storage was found to be moderately correlated with PPO activity. No correlation was found between the browning index and the total phenolic content.
INTRODUCTION
The level of polyphenoloxidase (PPO; EC 1.14.18.1) activity at harvest and its variation during fruit storage have been considered important for prediction of susceptibility to browning. Contradictory data exist in the literature concerning PPO evolution during fresh storage. 1 The study of different apple varieties is important, since PPO activity is cultivar-dependent. 2 Compared with other varieties (`Classic Delicious', Golden Delicious',`Cortland',`RI Greening', McIntosh'),`Red Delicious' always has the highest PPO activity. 3, 4 It is generally assumed that minimal processing operations cause disruption of compartmentalisation, allowing substrates and enzymes (oxidases) to come into contact. 5 Since it is generally agreed that PPO is the enzyme mainly responsible for browning, 6 an increase in PPO activity after peeling and cutting would be expected. Wounding also induces the synthesis of some enzymes involved in browning reactions or substrate biosynthesis. The contribution of other enzymes (eg peroxidase) to total browning may also be relevant. 7 Phenolic compounds are secondary plant metabolites that have an important role in providing¯avour and colour characteristics of fruit products. There is general agreement that the concentration of phenolic compounds is very high in young fruits and then rapidly decreases during fruit development. Studies carried out on the phenolic content of developing apples re¯ect this general trend. 2, 3 After harvest the concentration of total phenols remains essentially constant or decreases slightly, 3, 8, 9 but individual phenolic compounds have been shown to vary in their browning rates. Chlorogenic acid has been shown to be the major phenolic compound in apple, 8 decreasing rapidly during the early stage of fruit development to reach an almost steady level at maturity, while catechins have been reported to vary irregularly and to decrease. 9 When cellular compartmentalisation is disrupted, phenolic compounds may be involved in both enzymatic and non-enzymatic browning reactions. In the former case the oxidation of phenolic substrates is catalysed by PPO, and the quinones formed can take part in secondary reactions, bringing about the formation of dark secondary products. 10 In the latter case the common cause of darkening is attributable to interactions between phenols and heavy metals, eg iron, which yield coloured complexes. 6 Enzyme inactivation and a decrease in substrate content seem to occur after bruising.
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Apple browning is the result of enzymatic oxidation of endogenous phenols into quinones, which polymerise into brown products. 12 Browning was, in most cases, reported to increase during storage. 9 Many authors have sought to establish a relationship between the degree of browning and the phenolic content and/or enzymatic activity of apples. 3, 4, 9, 13 Nevertheless, results are divergent as to which of the two factors, the enzyme or the substrate, plays the decisive role in the overall phenomenon of enzymatic browning. 3, 8, 12, 14 Thus it was found that browning was mainly related to PPO activity 9 or to phenolic content. 15 A study carried out on 22 New Zealand varieties concluded that neither of these parameters correlated well with the extent of browning. 4 A similar conclusion was obtained with seven US cultivars, although the authors 3 indicated that four cultivars (`Classic Delicious',`RI Greening',`Cortland' and McIntosh') showed a good correlation between degree of browning and enzyme activity, while the other three (`Empire',`Golden Delicious' and`Rome') displayed a good correlation between degree of browning and total phenolic content. The phenolic compounds and PPO activity were studied in the fruits of 11 apple cultivars before and after bruising in relation to their susceptibility to browning. 13 It appeared that all the phenols were affected by browning, but neither the initial nor ®nal phenolic contents correlated well with browning susceptibility estimated by the measurement of soluble (A 400 ) or insoluble (L*) brown pigments, and the same held for PPO activity.
The aim of this work was to follow the PPO activity and phenolic content of minimally processed apple during cold storage and to establish potential relationships with enzymatic browning.
EXPERIMENTAL

Plant material
Apples (cv`Jonagored') were grown at Estac Ëa Äo Regional de Fruticultura e Vitivinicultura, Quinta de Sergude, Felgueiras, Portugal. The harvest date was 25 September 1995. The fruits were stored in air at 4°C for 1±3 months until used in the experiments.
Treatment and storage conditions
Apples stored under refrigeration were transported weekly to the laboratory in Porto. The apples for each experiment were initially washed in chlorinated water (150 ppm of active chlorine for 5 min) 16 to eliminate surface contamination. After peeling and coring, each apple was cut into approximately 1.5 cm cubes and then randomly selected for different experiments. The apple samples were stored in open glass jars at 4°C for 7 days in the dark. Samples were evaluated in terms of several physicochemical parameters after various times of storage.
Physicochemical evaluation
Three replicates of 30 apple cubes were used per treatment.
Colour assessment
Cut apple surface colour was measured at the surface of each of the 30 apple cubes with a hand-held tristimulus re¯ectance colorimeter (Minolta CR-300, Minolta Corp, Ramsey, NJ, USA). Colour was recorded using a CIE L*, a*, b* uniform colour space, where L* indicates lightness, a* indicates chromaticity on a green (À) to red () axis and b* indicates chromaticity on a blue (À) to yellow () axis. Numerical values of a* and b* were converted into hue angle (H°= tan
À1
(b*/a*)) and chroma (chroma = (a* 2 b* 2 ) 1/2 ).
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Assay for PPO activity Enzymatic activity was assayed by measuring the rate of increase in absorbance at 420 nm and 25°C in a Perkin-Elmer Lambda 15 UV/VIS spectrophotometer (Shimadzu Corp, Tokyo, Japan). The reaction mixture contained 3.0 ml of 0.6 M catechol solution, freshly prepared in 0.05 M sodium phosphate buffer at pH 6.5, and a ®xed quantity of enzyme. The reference cuvette contained only the substrate solution. The reaction was conducted at 25°C. The straight line section of the activity curve as a function of time was used to determine the enzyme activity (U mg À1 protein min À1 ). The unit for enzymatic activity was de®ned as a change of 0.001 in the absorbance value under the conditions of the assay. 18 All determinations were performed in triplicate.
Total phenolic content
Each replicate of 30 apple cubes was crushed and homogenised with water, then centrifuged at 170 Â g for 10 min at 4°C. Total phenolic content was measured using Folin±Ciocalteau reagent. 19, 20 Aliquots (0.50 ml) of the clear apple juice were diluted in 9.5 ml of deionised water, and 5 ml of diluted Folin± Ciocalteau reagent (1 ml plus 9 ml of deionised water) was added to 1 ml of the resulting solution. Between 30 s and 8 min after the addition of Folin±Ciocalteau reagent, 4 ml of sodium carbonate solution (0.075 g sodium carbonate ml À1 ) was added. After 1 hour at 30°C and 1 h at 0°C the absorbance of the solution was measured at 760 nm. Dopamine was used to obtain the standard curve (0.5±5.0 mg dopamine ml À1 ), and the concentration of phenols was calculated directly from that curve, since the standard and samples were treated identically. Total phenols were expressed as mg dopamine kg À1 fruit fresh weight.
Browning index (BI)
Frozen apple (50 g) from each replicate of 10 fruits was homogenised in a laboratory blender for 2 min. The homogenates were centrifuged at 800 Â g for 25 min at 4°C and ®ltered through Whatman No 4 ®lter paper, then the absorbance of the resulting clear juice was measured immediately at 420 nm to determine BI. Higher values of absorbance at 420 nm correspond to higher browning of the tissue. 21 
Protein content
The protein content was determined in all preparations by the colorimetric method described by Bradford. 22 The values were obtained by graphic interpolation on a calibration standard curve with bovine serum albumin (BSA) at 595 nm.
Polyacrylamide gel electrophoresis Separation of apple PPO into multiple forms was attempted by a modi®cation of the polyacrylamide gel electrophoresis (PAGE) procedure described by Davis. 23 A BioRad Miniprotean II dual slab cell (BioRad, Richmund, CA, USA) was used for the electrophoresis. Bisacrylamide gels at 75 g l À1 were used, according to Laemmli, 24 but under native conditions (ie without sodium dodecyl sulphate (SDS)). Gels were incubated for 1 h in an aqueous solution containing 400 ml l À1 methanol, 100 ml l À1 acetic acid and 1 g l
À1
coomassie brilliant blue R-250 using a shaker (Rotator Heidolph, Schwadach, Germany). The gels were then destained in a solution identical to the one described above, but without the stain, to reveal the protein bands. The gels were dried under vacuum in a BioRad model 583 gel dryer for 2 h at 80°C and the relative mobility (RM) values were determined.
Statistical analysis
The SAS computer system package 25 was used for analysis of the data. Statistical signi®cance was assessed by two-way analysis of variance (the source of variation was storage time). The overall least signi®cant difference (LSD; P = 0.05) was calculated and used to detect signi®cant differences among storage times. Relationships among measurement variables were studied using standard correlation, R being the correlation factor.
RESULTS AND DISCUSSION Colour changes
The apple cubes underwent colour changes during the ®rst few days of storage, as can be observed by the increase in a* value and the decrease in hue angle ( Figs  1 and 2) . Also, the L* value decreased (loss of lightness) and the chroma value increased, but at a later stage of storage (Figs 3 and 4) . Chroma values followed the same pro®le with time as b* values (data not shown). An increase in saturation (chroma value) indicates an increase in overall pigmentation.
The observed changes in colour parameters were found to be highly correlated with storage time, especially the decreases in L* value (R 2 = 0.98) and hue angle (R 2 = 0.99).
Polyphenoloxidase activity
The PPO activity (U mg À1 protein min À1 ) of`Jonagored' apple cubes showed a signi®cant increase (P < 0.05) between days 0 and 3 and was constant thereafter (Fig 5) . This contrasts with the colour data which showed a large increase between days 3 and 7.
When evaluating PPO activity expressed as U g
À1
fruit fresh weight min À1 , a decrease was observed between days 3 and 7 of storage (Fig 6) , which did not follow the tendency observed when PPO activity was expressed as U mg À1 protein min À1 . This decrease was due to the decrease in protein content during storage (data not shown).
Data available in the literature concerning PPO stability during storage deal almost exclusively with whole fruits. Va Âmos-Vigya Âzo Â et al 26 reported that the PPO activity (U min À1 g À1 fruit fresh weight) of Jonathan' apple remained constant during 3 months of storage at 4°C and decreased steadily afterwards. Coseteng and Lee 3 also reported that the PPO activity (U min À1 ml À1 extract) of`RI Greening' and`Cortland' varieties of apple remained relatively constant during 3 months of storage at 0°C.
Few studies were found in the literature regarding the in¯uence of minimal processing operations on PPO activity. Buescher et al 27 reported that PPO activity ' increaseed after snap bean pods were broken and that the activity of phenolases was closely associated with the development of browning. Couture et al 28 evaluated the physiological changes of minimally processed lettuce during storage and reported no signi®cant changes in PPO activity (mmol g À1 fresh weight min À1 ) during 4 days at 2.5°C. Ke and Saltveit 29 also reported that wounding (by cutting the leaves or puncturing the tissue) of iceberg lettuce did not enhance PPO activity (mmol g À1 fresh weight min À1 ).
Phenolic content
The total phenolic content of`Jonagored' apple cubes was about 12 700 mgkg À1 fresh apple. Similar results were obtained by Cilliers et al, 30 who studied Jonathan' apple (12 690 mgkg À1 ). Coseteng and Lee 3 studied nine varieties of apple (`Tydeman Early', Paulared',`Classic Delicious',`Golden Delicious', McIntosh',`Cortland',`RI Greening',`Empire' and Rome') and found that almost all of them had levels of phenolics ranging between 15 000 and 20 000 mg kg À1 . Va Âmos-Vigya Âzo Â et al 26 also reported similar values. In their characterisation of`Anna' apple, Trejo-Gonzale Âz and Soto-Valdez 31 reported a phenolic content of about 11 600 mg kg À1 . Barrett et al 1 reported that the concentration of total phenols in`Delicious' apples was fairly stable during storage. They did not ®nd signi®cant differences in total phenol concentration between apples analysed immediately after harvest and those held in air. It seems that the phenolic content is not substantially different from one apple variety to another.
There was a signi®cant increase in the total phenolic content of`Jonagored' apple cubes between days 0 and 3, followed by a decrease (Fig 7) , results that are in agreement with other studies which concluded that individual phenolic compounds of whole fruits might vary in their browning rates. Little information exists concerning the in¯uence of minimal processing operations on the phenolic content of commodities. Buescher et al 27 reported that phenolic content increased after snap beans pods were broken. Ke and Saltveit 29 reported that wounding (by cutting the leaves or puncturing the tissue) of iceberg lettuce caused an increase in total soluble phenolic content, but those compounds were oxidised into brown substances within minutes by PPO. Howard and Grif®n 32 reported an increase in total phenols of minimally processed carrot sticks and associated this with a wound-induced increase in PAL (phenylalanine-ammonia-lyase). When evaluating the shelf-life of minimally processed lettuce, Couture et al 28 reported an increase in phenolic content during storage for 3 days at 2.5°C. Lattanzio et al 6 found that the phenolic content of artichoke heads was generally higher in mechanically damaged samples than in intact ones, although they had expected a reduction in phenolic content due to oxidative phenomena.
Browning index (BI)
The browning of`Jonagored' apple, measured as the browning index (BI), increased signi®cantly between days 0 and 3 of storage and remained approximately constant thereafter (Fig 8) .
Couture et al 28 studied the shelf-life of minimally processed lettuce and reported an increase in browning intensity (A 340 ) during 5 days of storage at 2.5°C. Since the concentration of total phenolic compounds was constant in the present study (Fig 7) , the increase in BI suggests an increase in the proportion of oxidised phenols during apple storage. Coseteng and Lee 3 reported very small changes in browning (A 440 ) of apples (cvs`RI Greening',`Golden Delicious', McIntosh' and`Empire') during 80 days of storage at 1°C.
Electrophoretic data
No changes were observed in the electrophoretic pattern of PPO extracted from`Jonagored' apple stored for 7 days at 4°C. Only one band was detected with an RM of 0.45 towards the anode (data not shown).
Relationships between colour parameters (L*, a*, b*, hue and chroma), BI, total phenolic content and PPO activity Overall, moderate to high correlations were found between some colour parameters and PPO activity (U mg À1 protein min À1 ): R 2 = 0.71 for L* value, R 2 = 0.97 for a* value (Table 1) . A high correlation (R 2 = 0.99) was obtained when PPO activity was plotted against BI: the higher the PPO activity, the higher the BI (Table 1) . Moderate to high correlations were obtained when PPO activity was plotted against L*, a* and hue values; the PPO activity seemed to follow the colour changes of the apple cubes (Table 1) .
Coseteng and Lee 3 compared the degree of browning (A 440 ) of seven apple cultivars with their respective enzyme activities and phenol levels and found that the correlations established were cultivar-dependent. They obtained a direct correlation between PPO activity and degree of browning (R 2 = 0.83) for`Classic Delicious',`RI Greening',`Cortland' and`McIntosh'. On the other hand, a high correlation was found between total phenolic content and degree of browning (R 2 = 0.99) for`Empire',`Golden Delicious' and Rome'.
Lee et al 33 also reported that the degree of browning of peach cultivars was correlated with their PPO activity: peach cultivars having higher PPO activity showed a higher rate of browning; conversely, peaches lower in PPO activity showed a lower rate of browning.
No correlation was found when phenolic content was plotted against L* value and hue angle. Very weak correlations were obtained between phenolic content and a*, b* and chroma values ( Table 2) . No correlation was found either when the BI of`Jonagored' apple cubes was plotted against total phenolic content ( Table 2) . Results reported in the literature in this respect are somewhat contradictory. Some authors who worked with apples and peaches noticed an increase in degree of browning with an increase in phenolic content and suggested that BI is determined by the amount of phenolic compounds present in the fruit.
3,33 However, Amiot et al 13 found that the degree of browning measured by absorbance at 400 nm (soluble pigments) and lightness L* (insoluble pigments) was closely related to the amount of phenols degraded. In a study with artichoke heads, Lattanzio et al 6 reported that changes in the levels of phenolic substrates of artichoke heads during storage do not run parallel to the appearance and intensity of browning. Lee et al 33 reported that the degree of browning of peach cultivars was correlated with their phenolic content (R 2 = 0.67). Goupy et al 34 reported that the degree of browning of apple was related to the amounts and types of degraded phenols. They stated that, owing to coupled oxidation, the oxidised amounts within one type could be increased or decreased by increasing amounts in the other phenols. Therefore, for equivalent total phenolic contents, the resulting pigments could vary both quantitatively and qualitatively, leading to widely different values of L*, a* and b*.
Results reported in the literature attempting to establish relationships between browning and PPO activity and/or phenolic content are controversial. Va Âmos-Vigya Âzo Â et al, 9 in a study carried out with six apple cultivars, found a moderate linear correlation (R 2 = 0.55) between enzymatic browning, measured as A 540 , and PPO activity, while there was no correlation between enzymatic browning and phenolic content (R 2 = 0.18). In a subsequent study 26 the same authors reported that browning, measured as absorbance at 540 nm, of`Jonathan' and`Starking' apples depended signi®cantly on both PPO activity and o-dihydroxyphenol levels. Ma et al 35 reported a negative correlation between darkening of sweet potatoes, evaluated visually by an expert panel, and phenolic content, indicating that the substrate level might be the major factor contributing to darkening.
A moderately negative correlation (R 2 = 0.63) was found when L* value was plotted against BI (Table 3) . This negative correlation showed that the higher the degree of browning encountered, the lower the L* value of the samples. Several studies reported in the literature indicate that apples with low lightness (lower L* value) are characterised by higher BI. 8, 13 High correlations were obtained between BI and a* and hue values, but weak correlations were obtained when BI was plotted against b* and chroma values (Table 3) , as observed for the correlations between these colour parameters and PPO activity (Table 1) .
CONCLUSIONS
Refrigerated storage of minimally processed`Jonagored' apple for 7 days at 4°C seemed to cause an increase in PPO activity from 11441 to 13968 U mg À1 protein min
À1
. This increase was found to be highly correlated with storage time (R 2 = 0.82). The total phenolic content of`Jonagored' apple cubes was around 12 700 mg kg À1 fresh apple and did not change during storage.
Colour degradation of apple cubes during storage, as indicated by changes in colour parameters, was found to be quite well correlated with PPO activity (R 2 between 0.71 and 0.97), except for b* and chroma values.
Browning of`Jonagored' apple cubes during storage was found to be well correlated with PPO activity (R 2 = 0.87). No correlation was found between BI and total phenolic content. The predominance of PPO activity in the phenomenon of enzymatic browning of Jonagored' apple cubes seems to be evident in relation to the role of phenolic content.
